For competition in the 1998 FutureCar Challenge (FCC98), the University of Wisconsin -Madison FutureCar Team has designed and built a lightweight, charge sustaining, parallel hybrid-electric vehicle by modifying a 1994 Mercury Sable Aluminum Intensive Vehicle (AIV), nicknamed the "Aluminum Cow." Starting with a prototype, high efficiency, Ford 1.8 liter, turbocharged, direct-injection compression ignition engine, the Wisconsin team is striving for a combined, FTP cycle gasoline-equivalent fuel economy of 21.3 km/L (50 mpg) and Ultra Low Emissions Vehicle (ULEV) federal emissions levels while maintaining the full passenger/cargo room, appearance, and feel of a fullsize car. To reach these goals, Wisconsin has concentrated on reducing the overall vehicle weight. In addition to customizing the drivetrain, the team has developed a vehicle control strategy that both aims to achieve these goals and also allows for the completion of a reliable hybrid in a short period of time. With these selections, advanced methods of exhaust aftertreatment, and efficient vehicle testing, the University of Wisconsin will be among the front-runners at the FCC98.
INTRODUCTION
The University of Wisconsin FutureCar uses a charge regulating, parallel hybrid-electric design. The powertrain and control interface are depicted in Figure 1 . Performance projections for the 1998 vehicle are given in Table 1 .
Through the 1993-1995 HEV Challenges and the 1996-1997 FutureCar Challenges, the Wisconsin team has gained experience in designing control strategies for both series and parallel configuration hybrids. Utilizing this previous control strategy knowledge, the Wisconsin FutureCar Team focused on other important areas for the FCC98. The Wisconsin team decided its primary focus for the 1998 FutureCar was to be weight reduction. Based on this decision, the team set a goal to build a 5-passenger hybrid vehicle that weighs less than 1360 kg (3000 lbs.). The first step in reaching this goal was to obtain an experimental aluminum-unibody Mercury Sable. The decision to emphasize weight reduction is also one of the reasons that the Wisconsin team chose to design a power-assist, parallel hybrid electric vehicle. Because this type of configuration requires a battery pack with only enough energy density to recapture braking energy and to assist in high load or high power situations, the battery pack is significantly lighter than that of a series or series/parallel vehicle. The weight savings is one of the reasons that a parallel hybrid can theoretically achieve a roughly 4% higher fuel economy than a series hybrid [1] . The parallel design strategy also favored the use of a 65 kW turbo-charged direct-injection (TDI) diesel that was developed by Ford, and loaned to the Wisconsin team. This engine was developed for Europe and will be released there in January of 1999. A hybrid-electric design was the most viable design option that the Wisconsin team considered. However, hydraulic energy storage and assist was also seriously considered. The low energy density, but high power density would be analogous to the type of battery pack that the team eventually chose. However, with a hydraulic motor and accumulator, 80% of the braking energy recovered is returned to the wheels as engine assist. In contrast, an electric drive has a regenerative braking cycle efficiency of only 64%. The most significant disadvantage of a hybrid-hydraulic vehicle is related to the weight of the accumulator. With current materials technology, a 30 L, 21 MPa (3000 psi) pistontype hydraulic accumulator will weigh approximately 100 kg (220 lbs).
Since this design requires two accumulators, the resulting weight of the hydraulic system (275 kg) eliminated it from further consideration.
In order to complete the conversion of a 1994 Mercury Sable AIV to a high mileage, low emissions hybrid vehicle in nine months, The University of Wisconsin-Madison FutureCar Team chose to implement a charge sustaining, power-assist, parallel design. Through teamwork, knowledge from previous hybrid development experience, and a strong partnership with local vendors and Wisconsin manufacturers, the "Aluminum Cow" will be one tough competitor in the FCC98.
VEHICLE ENERGY CONSUMPTION
The road power demand equation represents the energy consumption of a vehicle over a period of time. This equation defines how power is used in a vehicle as it travels down the road. This equation is the basis for both the vehicle simulation developed by Wisconsin and also for all the components and modifications integrated into the vehicle. The equation to calculate road power demand for a given driving condition is shown in Equation 1. P road = P roll + P hill + P aero + P accel + P aux Eq. ( 1) The road power demand equation identifies the vehicle design aspects that the Wisconsin team could change to improve the overall energy efficiency. The relative importance of reducing each of the equation parameters can be seen in Figure 2 . Parameter Reduction (%) Figure 2 . Parameter reduction to increase fuel economy [3] .
In order to increase the fuel efficiency of the vehicle, the road power demand must be decreased. This is accomplished by reducing the magnitude of each term that contributes to the road power demand.
The power to overcome rolling resistance is equal to the product of the vehicle mass, gravity, velocity, coefficient of rolling resistance, and the cosine of the angle that the road makes with level ground. Equation 2 represents this mathematically.
This power loss is reduced by aggressively pursuing weight reduction of the vehicle. The most significant example of this in the 1998 FutureCar is the use of an experimental AIV Sable. The all-aluminum unibody and body enclosures represent a 47% weight savings over a steel unibody. To further reduce mass, the seats, suspension, rims and air conditioning system have all been replaced with lightweight counterparts. Selecting tires with a very low rolling resistance also proved important. The other factors in Equation 2 are not a part of the vehicle development and cannot be affected by design.
The second term that affects road power demand is the power required to climb hills. The value for the hill power requirement is determined with Equation 3.
Mass is the only portion of this equation that can be changed in the design.
The third term that affects power demand is due to aerodynamic drag. Shown as Equation 4, the aerodrag power requirement depends upon the air density, frontal area profile, velocity, and the coefficient of aerodynamic drag.
In this equation, the frontal area profile and drag coefficient are the only parameters that can be changed. The side view mirrors have been replaced with video cameras to reduce the frontal area of the vehicle. The coefficient of aerodynamic drag was reduced by streamlining the belly of the vehicle using underbody panels in the front and rear.
Equation 5 describes the power consumption caused by acceleration.
Again, vehicle mass appears as a factor in the required power, but neither the velocity nor the change in velocity with respect to time can be altered in the design.
The final parameter affecting the road power demand is the power required for the auxiliary functions. This power consumption is reduced in the Wisconsin FutureCar by employing a smaller, localized air conditioning system. Equations that quantify auxiliary power are more complex than this discussion warrants and have been omitted.
With vehicle mass affecting most of the terms in Equation 1, it is clearly the dominant factor in vehicle energy consumption. Therefore the Wisconsin team has focused on weight reduction in an effort to take advantage of the indisputable efficiency gains that come with lighter vehicles.
COMPONENT SELECTION
Once the power requirements have been minimized, the energy that is needed to drive the vehicle must be efficiently converted from a stored state to torque at the wheels. These selected drivetrain components could potentially achieve an overall efficiency in excess of our 21.3 km/L (50 mpg) fuel economy goal. Because components that exactly match theoretical specifications exactly are rarely obtainable, component availability had to be considered while the team searched for a desirable combination of engine, transmission, and electric drive system.
When searching for components, American manufacturers were considered first. This was done to both minimize component lead times and also to increase the feasibility of manufacturing the FutureCar locally.
A packaging diagram of the Wisconsin FutureCar is shown in Figure 3 . Throughout the selection process, appropriately sized components were chosen to maximize energy efficiency and minimize weight. Engine -Depending on the size of the electric motor, the engine in a power-assist parallel hybrid vehicle should have a power capability in the range of 50-80 kW (70-110 hp). This is based on the power required to accelerate the vehicle from 0-100 kph (0-60 mph) in 12 seconds. A Taurus that weighs 1500 kg (3300 lbs) requires 75 kW (100 hp) to accomplish this performance, while it requires 35 kW (50 hp) for maintaining 100 kph on a 6% grade [2] .
A search of economically viable engines revealed three engine alternatives -spark-ignited (SI), direct injection spark ignited (DISI), and compression ignition. Since the DISI engine is in its initial stages of development, it is not commercially available. Numerous SI engines of the required size are available, but they lack the thermal efficiency advantage of the compression ignition engine. In a parallel hybrid design, the engine has to operate efficiently at a multitude of speeds and loads. For the aforementioned reasons, the Wisconsin team chose a compression ignition engine for the 1998 FutureCar. After a lengthy search, Ford agreed to loan the team a prototype 65 kW (87 hp), 1.8 L, 4-cylinder, TDI, compression ignition engine with a maximum thermal efficiency of 42%.
In addition, diesel fuel has a higher gravimetric energy density than gasoline allowing for more compact fuel storage.
Since TDIs are the most advanced compression ignition engines with regard to emissions and fuel efficiency, the prototype Ford TDI will be able to meet the low emissions requirements. In addition to the inherently low levels of carbon monoxide and hydrocarbons that diesels produce, TDIs, with the help of various forms of exhaust after-treatment, should be able to meet ULEV oxides of nitrogen (NO X ) and particulate levels. Exhaust Gas Recirculation -One of the main drawbacks of compression ignition (CI) engines is the high oxides of nitrogen emission levels. CI engines utilize high compression ratios (15-18:1) to achieve high thermal efficiency.
Unfortunately, high in-cylinder temperatures promote the formation of NO x during combustion. It has been found that NO x emissions can be reduced by introducing exhaust gas into the intake charge.
This practice is known as exhaust gas recirculation (EGR). NO x emissions can further be reduced by cooling this recirculated exhaust gas.
The Ford engine was originally equipped with an EGR intercooler. This heat exchanger lowers the temperature of the EGR stream by using the cooling system as its heat sink. This exchange of heat results in two advantages. First, cooling of the exhaust gas produces lower NO x emissions from forming. Second, the coolant that is heated is then pumped directly to the heating system for the vehicle. This will provide heat to the cabin much more quickly and efficiently than the stock heating system.
NO x After-treatment
-Historically, exhaust aftertreatment has been developed for spark ignition engines. These engines used closed-loop controls to keep the air/fuel ratio stoichiometric, where the 3-way catalyst operates effectively. If the engine were operated lean, the NO x conversion efficiency would drop drastically while rich combustion would cause excessive CO and HC emissions. In the case of compression ignition engines, the engine is always operated lean, and 3-way catalyst technology is not applicable.
Today, lean burn NO x emission can be reduced effectively with a urea injected catalyst system. This technology is not a long term solution as the system would only operate properly if the owner would refill his urea reservoir. Through the PNGV program, new no-
DC Bus maintenance lean burn catalyst systems are being developed and in this instance, the urea system is being used to demonstrate the low emission potential of a compression ignition engine.
In this system, urea is injected into the exhaust stream where it breaks-down into ammonia. Using a catalyst to promote NO x reduction, ammonia reacts with NO to form water and diatomic nitrogen. When managed correctly, the conversion efficiency of a urea system can be in excess of 80%. Transmission -A transmission that would couple the engine to the road efficiently had to be selected as well. To perform this coupling, a manual front-wheel drive transmission manufactured for a European Ford Mondeo was selected. This transmission mated with the Ford engine with only minor modifications, and it contains the gear ratios shown in Table 2 . These gear ratios were designed for use with a diesel engine similar to the one used in the 1998 UW FutureCar. A gear set designed specifically for use with a diesel engine was a priority for the 1998 FutureCar transmission. In 1996 and 1997, the UW FutureCar used a five-speed transmission from a gasoline powered VW Quattro mated to a diesel engine [4] . This mismatch did not allow for optimum fuel efficiency and also hindered driveability by requiring abnormal shift points. A manual transmission was selected for its low throughput losses. When the motor is connected to the secondary transmission shaft, the transmission becomes a durable and efficient torque splitter. The transmission placement in the FutureCar is displayed in the packaging diagram ( Figure 3 ). The gear selector and clutch are typical of those found in conventional vehicles. In addition the complete hybrid drivetrain (engine, transmission, and electric motor) was designed to be pre-assembled on the engine cradle sub-frame and subsequently placed into the vehicle as a unit.
Fuel -The University of Wisconsin's FutureCar would ideally operate using California Diesel. This fuel is currently the only diesel fuel available in California and has an average cetane rating of 56.5 and an average sulfur content of 31.5 PPM. These numbers are significantly better than #2 Diesel (the fuel presently available at gas stations) which has an average cetane rating of 43 and an average sulfur content closer to 200 PPM. Since 75-80% of the sulfur in the fuel is directly converted to particulates, which constitutes about onethird of current particulate emissions, use of California Diesel will improve FutureCar emissions by decreasing particulate generation.
Motor/Inverter -The 1998 UW FutureCar uses a 32 kW (43 hp) continuous (52 kW peak power) rated power permanent magnet (PM) motor matched with a 300 Amp inverter. There were three main reasons this electric drive set from Unique Mobility (UQM) was chosen. The Wisconsin team required a compact drive that could be easily implemented, that would be versatile, and that weighed as little as possible. This particular motor/inverter set satisfied all of these requirements. In addition, UQM's systems are designed for electric and hybrid vehicle applications.
The motor is coupled to the secondary transmission shaft of the 2WD transmission via a custom gear box. The gear box supports the electric motor and includes a 1.29:1 gear ratio to increase the motor speed. This allows the motor to spin in its optimum range around 4000 rpm. Battery -In last year's competition, Wisconsin used Hawker Genesis, lead-acid modules in its battery pack. In an effort to improve upon battery effectiveness for FCC98, significant research went into finding a better alternative. This year's goal was to limit the battery pack to 65 kg (143 lbs) while still having enough capacity to help the engine meet the road demand and to be able to recover braking energy. Modeling a 1365 kg (3000 lb) vehicle in the FTP-75 driving cycle predicted peak braking requirements of 24 kW -a 240 volt pack with a current capacity of 100 amps. Several battery types were considered when calculating the overall battery weight needed to efficiently process the power from the these events. Figure 7 shows the power density versus energy density for several types of batteries. Among them, the two most feasible types are the Hawker 13 Ah lead acid batteries and the Sanyo C-cell Nickel-Cadmium (Ni-Cad) batteries. From the chart, it can be seen that the NiCads have both a higher energy density and power density in the HEV design space than most other battery types, including the Hawker lead-acids. Based on these specifications, the minimum Ni-Cad battery pack mass needed to meet the design criteria would be 50 kg (110 lbs), while the minimum lead-acid battery pack would weigh 100 kg (220 lbs).
From the weight standpoint, the Ni-Cads were an easy choice. Thermal management of the battery pack will prolong the battery life and increase the electrical system's efficiency. The batteries can operate from -20 o C to +50 o C. As a precaution, the batteries were mounted in a cross-flow heat exchanger pattern so that ventilation fans can supply adequate thermal management.
To create 240 volts, (200) 1.2 volt, 2.5 Amp-hr, C-sized Ni-Cad batteries were connected in series. The batteries were supplied by Milwaukee Electric Tool Corporation in the form of (60) 12 volt Fat-Pack â batteries normally used for cordless tools. The spot welded metal strips that connected the batteries were creased and folded so that the batteries formed one long cylinder. These twelve volt battery strings were secured using shrink insulation. Three parallel 240 volt strings will meet the 100 amp current demand.
Milwaukee Tool has done extensive research on Ni-Cad batteries and has routinely operated their 12 volt batteries at 25 times rated current for 1 to 2 minute periods with no long term damage. Computer -The Wisconsin team has been successful in past competitions partly due to the flexibility of the control system. The control strategy is run on a custombuilt computer system consisting of a Computer Dynamics single-board pentium machine with a touchscreen user interface. The computer's Micro Industries data acquisition boards are connected to a customdesigned board that collects input signals from sensors throughout the car and distributes control signals to actuators and controllers. The data acquisition boards have a maximum capability of 48 digital inputs and outputs, 16 analog inputs, and 16 analog outputs. By using a computer, the team can program in common languages (C/C++) and remain flexible in the hardware and software designs. 
CONTROL STRATEGY
The Wisconsin team has developed a hybrid control strategy that is state of charge (SOC) regulating. A SOC regulating strategy will monitor the battery voltage level and maintain the voltage within a prescribed range, neither full nor empty. Transient emissions, caused by changes in the engine load, are reduced by using the motor to meet rapid increases in road power demands. The engine power output is then gradually increased while the motor power output is simultaneously decreased. Buffering the engine from the road in this manner also increases the vehicle fuel economy.
The UW control strategy has only one mode of operation. This results in a FutureCar that operates similarly to a conventional automobile. There are no added modes, switches, pedals, or dials with which the driver might be concerned.
The control strategy is designed as a state machine with three states. By developing the control strategy as a finite state machine, the software is restricted to run in only one state at a time. Since the current vehicle state can always be determined, each state can be tested, debugged, and tuned separately. Each of the states are reviewed in the following sections.
State 1: Engine Only -The first state is engine only. In this state, the vehicle operates as if the electrical system were not present. This state is used at low speeds, when the clutch is in, when the car is in neutral, or when the battery is so low that attempting to use it could cause damage. In this state, the accelerator input goes directly to the engine, with the motor providing no torque.
State 2: Regenerative Braking -The second state is the regenerative braking state. Regenerative braking (regen) is the act of using the mechanical energy from the wheels to drive the motor, generating electricity for storage in the battery. This process recharges the battery while decreasing the vehicle speed.
The vehicle goes into the regenerative braking state only if the brake pedal is depressed and the battery pack is not fully charged. The brake pedal travel is split into two portions. The first 2.5 cm (1 in) of travel only enables regenerative braking. After 2.5 cm, regenerative braking is saturated and the stock hydraulic brakes engage to help slow the vehicle. This allows a conservative driver to regenerate large amounts of energy during anticipated breaking, but retains the ability to break hard when needed.
For previous competitions, the Wisconsin FutureCar used a rotary potentiometer attached to the brake pedal to produce an analog signal based on the first small amount of brake pedal travel; however, no resistance was incorporated for this regen travel distance. As a result, the first few centimeters, the regen portion, was traversed through quickly until resistance was felt in the form of hydraulic fluid actuating the friction brakes. The speed with which the regen portion was traveled through reduced the effectiveness of the regenerative braking capability. In order to improve its effectiveness, a new sensor with hydraulic resistance was designed.
An instrumented hydraulic piston is attached to the end of the existing master cylinder. As the brake pedal is depressed, the brake fluid forces this hydraulic piston to compress a resistive spring. Initially, a brake line pressure of 100 kPa (14.5 psi) is needed to initiate the movement of the piston while a mechanical stop is used to limit the piston's stroke at a pressure of 350 kPa. A position sensor attached to the piston is used by the control computer to adjust the amount of regenerative braking. After the piston contacts the stop, the disc braking system operates normally. The 350 kPa preload causes a very smooth transition between the regenerative and conventional braking systems.
State 3: HEV -HEV state is the third and most common state in the control strategy. This state contains the SOC regulator control code which manages the battery voltage as previously described. To optimally control the vehicle systems in the HEV state, the control laws for this state will involve fuzzy logic.
Fuzzy logic is a powerful problem-solving methodology with many applications in embedded control and information processing.
Fuzzy logic provides a remarkably simple way to draw definite conclusions from vague, ambiguous, or imprecise information. Fuzzy logic is based on fuzzy set theory. Unlike traditional " either/or" set theory, fuzzy logic does not impose rigid classifications such as true or false, black and white, 0 or 1, etc. Membership in fuzzy sets is a continuous phenomenon, with values ranging from 0 to 1. This allows mathematical expression of "linguistic" variables, such as "speed is fast" or "temperature is warm."
The hybrid diesel-electric propulsion state uses fuzzy logic to synthesize accelerator pedal, battery state-ofcharge and vehicle speed sensor inputs into commands to the diesel engine, electric motor and urea catalyst injector. Using a small number of rules, the basic relationships between inputs and desired outputs will be described using fuzzy sets. For example, an increased accelerator pedal measurement will result in an increased command to the motor to increase available torque while the engine command is increased slowly to control soot emissions. The urea catalyst input will mirror the engine command to maximize NO conversion efficiency.
Control safety is insured by checking all inputs into the computer and all outputs before they leave the computer. If a value entering or leaving the computer is too low or too high the computer will adjust the value to the closest bound, or shutdown if the value is far off.
WEIGHT REDUCTION
Battery Box -The physical size of the battery box is comparable to the volume of the spare tire well. For this reason, the spare tire well was removed so the battery box could be suspended from the trunk floor without sacrificing any trunk space. Figure 8 shows a picture of the battery pack. In order to hold the 60 battery pack strings in place, three sets of machined Teflon strips were clamped together around the strings. Each battery string is held in the center and at both ends by these sets of Teflon strips, which also serve as excellent insulators. Additional insulation is provided by the shrink-tube which covers each of the 60 strings of batteries. This design requires a minimum amount of support material while completely restraining the strings. Aluminum structural angle beams 5 cm (2 in) on each side and 3.2 mm (.125 in) thick are used to anchor the Teflon strips together and to mount the entire pack to the vehicle.
The battery strings will be enclosed by a clear plastic box for protection. For additional support and rigidity, fiberglass pieces were placed at the bottom of the box. No metal is exposed to the inside of the box to prevent arcing from the batteries.
The total weight of the battery box is 56 kg (123 lbs).
Brakes/Suspension -To further reduce the weight of the Wisconsin FutureCar, Wilwood 4-piston aluminum brake calipers were installed in place of the AIV's stock brake calipers. Typical brake calipers employ a single piston and the calipers slide on pins when the brakes are released in order to retract the brake pads. Over time, the pin/caliper interface becomes corroded preventing sliding. When this occurs, the calipers to not fully disengage resulting in a disk drag force which decreases overall efficiency. The 4 piston calipers do not rely on this sliding and actively minimize the residual drag force on the disk. In addition, at 1.1 kg (2.5 lbs) each, they save 3.2 kg (7 lbs) per side over the standard brakes. The AIV was supplied with metal matrix composite aluminum disks each weighing 2.3 kg (5 lbs) less than the steel disks that are normally used on all four wheels.
In order to adjust for a lighter chassis and modified weight distribution, the team installed Koni coil-over struts on all 4 corners.
The struts allow for the adjustment of ride height, camber, caster, toe, and rebound damping. Not only have they allowed us to optimize the handling of the FutureCar, but they will also save about 0.9 kg (2 lbs) per wheel since they have aluminum shock bodies.
To round out the suspension modifications, Wisconsin replaced the steel spindles with 1998 cast aluminum Ford Taurus spindles which save 1.4 kg (3 lbs) per front wheel. In addition, the new spindles facilitated the mounting of the Wilwood calipers. Through the use of all these aluminum components, the overall vehicle weight will be reduced by 23 kg (50 lbs).
Aluminum Rims -Another opportunity for weight reduction appeared in the wheel rims. The original aluminum alloy rims weighing 8.2 kg (18 lb.) each were replaced with lighter, BBS aluminum alloy rims weighing only 5.5 kg (12 lb.) each. This exchange results in a savings of nearly 12 kg (25 lb.) throughout the entire vehicle.
DRAG REDUCTION
As shown in Equation 4 of the Vehicle Energy Consumption section, some power loss of a vehicle can be attributed to aerodynamic drag. This loss is dependent on several factors, of which only the frontal area profile and drag coefficient can be changed. Equation 2 shows that vehicle power loss can also be reduced with a lower rolling resistance.
Wisconsin took the following steps to reduce the FutureCar's frontal area profile, drag coefficient, and coefficient of rolling resistance.
Wind Tunnel Testing -An aerodynamic study of the vehicle was performed via wind tunnel testing. Three different Ertel â 1/25-scale Ford Taurus models were assembled. The first vehicle was left in its stock configuration. An underbody panel was installed on the second model; this model also included smaller rear view mirrors and a round-corner trunk lid. The second and third models were identical with the front underbody panel being replaced with a spoiler on the third model. A slippery smooth finish was applied to each model by spraying them with a lacquer enamel finish. 1/25 scale models used for wind tunnel testing. Drag coefficients of several designs were determined.
A wind tunnel at the University of Wisconsin was used to perform the study. It was capable of producing wind speeds up to 45 meters per second (100 mph). The cross-sectional area of the measurement section was approximately 900 cm A pitot tube was used to measure the air velocity in the test section. During the experiment, the pitot tube pressure was randomly varied from 2 inches of water to 5 inches of water in 0.25 inch increments and 20 data points were collected for each vehicle test. 8 different test sets were collected to ensure repeatability in the experiment.
After post-processing, results were plotted as drag coefficient versus wind tunnel velocity. The results from the 5 th data set are plotted in Figure 9 . It was observed that at slow speed, the models have the same relative drag coefficient. As the velocity increases, the model with the underbody panel measured the lowest drag coefficient.
Compared to the stock model, the underbody panel provided a 6% lower drag coefficient while the spoiler increased the drag coefficient by 4%. This relationship was observed in all 8 data sets. Although the Reynolds numbers for the wind tunnel test are an order of magnitude lower than for the real vehicle, similar or exaggerated relations are expected for overthe-road Reynolds numbers.
From the wind tunnel results, the Wisconsin FutureCar Team concluded that the greatest reduction in aerodynamic drag would be realized by streamlining the underbody of the AIV Sable. Around the mirrors are carbon fiber enclosures that resist damage to the mirrors as well as provide better vehicle aerodynamics. The image that the camera displays is projected onto small black and white monitors 18 cm wide by 13 cm tall (Figure 12 ). These monitors can be adjusted to suit different sized drivers. The overall field of view has also been expanded by approximately 10 degrees.
Tires -The UW FutureCar Team has opted to use Goodyear's experimental low rolling resistance tires. This particular tire has an excellent coefficient of rolling resistance of less than 0.00625.
INTENDED MARKET
Producing a hybrid vehicle that has a high level of consumer acceptability was a high priority for the University of Wisconsin FutureCar Team. Accordingly, the team entered the FutureCar Challenge committed to maintaining full passenger and cargo room in the vehicle, to producing a seamless appearance similar to the original, and to retaining the driving feel of a stock Mercury Sable. The 1998 Wisconsin FutureCar accomplishes all of these goals. The intended market for this car includes drivers looking for a mid-size sedan with the following characteristics: The UW FutureCar has a clean body and passenger compartment that looks sharp parked in your driveway, is comfortable to sit in, and displays a familiar dash.
The design of this vehicle makes it simple to operate, with a conventional turn-key start. No extra switches or buttons are required to start or drive the vehicle. The advanced control strategy allows an operator to achieve the same performance after traveling 1250 km (775 mi) that they experienced at the beginning of the journey, and only a ten minute fueling service in order to travel another 1250 km.
COST ANALYSIS
The estimated total cost of the 1998 UW FutureCar at high volume production is $28,000. This cost estimate is based upon a Mercury Sable list price of $21,000, an additional cost of $11,000 for new engineering, and a $4000 savings from replacing the conventional drivetrain. In order to estimate these costs, several assumptions were made.
• The cost of manufacturing the aluminum unibody and enclosure panels is 1.4 times that of manufacturing steel [5] .
• Components that are not "off the shelf" can be mass produced at a cost of 20-30% of the price that the Wisconsin team paid.
• All other vehicle components are the same as those found in a stock Mercury Sable.
• 100,000 vehicles are manufactured each year.
• The cost of labor is negligible.
• All costs have been assessed in 1998 dollars.
The cost for a single prototype FutureCar is estimated to be $58,000. This estimate assumes that the cost of a prototype AIV is $31,000. The remainder of the cost is obtained from the special order prices of the hybrid components.
MANUFACTURING POTENTIAL
The Wisconsin FutureCar component selection and packaging has been chosen for ease of procurement, access, and maintenance. This design inherently favors obtaining components and assembling the vehicle in mass production.
The current trend in automotive manufacturing is to use common platforms -the use of common components on multiple vehicles (i.e. engines, transmissions, and frames). Adapting to the methods of Ford, GM and Chrysler, the Wisconsin FutureCar team adopted this methodology in 1998. This vehicle could be easily integrated into a conventional vehicle production line and would need supplemental tooling only for installation of the battery pack. The electric motor would simply bolt onto a standard transmission fitted with a special secondary shaft. Additional components would be minimal and could be installed by the regular assembly line workers onto existing hardware.
A compact design not only aids in manufacturing but also minimizes the number of serviceable parts. If needed, threaded fasteners are conveniently located so that disassembly is quick and easy.
Just as any prototype vehicle must be modified before it is put into production, the following features of the Wisconsin FutureCar would be changed in preparation for mass production.
• Replace the Pentium control computer with an embedded computer.
• Design the battery pack to fit behind the rear seat back.
Combining these modifications with the existing design before incorporating the FutureCar into the assembly line would significantly reduce the time and cost of production.
SUMMARY
The Wisconsin FutureCar Team has successfully converted a prototype 1994 Mercury Sable AIV into a parallel, power assist, charge sustaining hybrid-electric vehicle. The UW FutureCar was designed to exceed the stock Sable fuel economy and emissions standards without sacrificing performance or consumer acceptability. This was accomplished by using advanced technologies as well as existing automotive science.
The team used traditional hybrid-electric components, including a permanent magnet electric motor with matched inverter; a high voltage, Ni-Cad battery pack; and a compression ignition internal combustion engine in an attempt to reach the FutureCar Competition fuel economy goal of 80 miles per gallon.
In addition, the Wisconsin team incorporated several advanced technologies into its 1998 FutureCar. The use of computer simulation to optimize control software coupled with an aggressive fuzzy logic control strategy helped realize team goals.
The strategic use of materials such as aluminum and polycarbonate helped to keep the weight of the car low, while keeping the vehicle design cost effective.
The improved design of the 1998 UW FutureCar, and the projects planned for the future will keep Wisconsin's FutureCar dynamic and robust as this age of new automotive technologies is heralded in.
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